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Abstract 
 
Superfluid helium droplets have provided a new perspective for studying electron induced 
chemistry at extremely low temperatures. Helium droplets represent an ideal environment for 
the formation of novel and exotic agglomerates of atoms and molecules. Mass spectrometry 
can be used to detect the resulting ions formed upon electron ionization and electron 
attachment to doped droplets. In the case of electron ionization a helium atom of the droplet is 
ionized initially and after few resonant charge transfer reactions between helium atoms the 
charge finally localises on the dopant. An alternative process is Penning ionization of the 
dopant, where the scattered electron first electronically excites a helium atom on the surface 
of the droplet. The attachment of a low energy electron leads to formation of an electron 
bubble inside the droplet which decays by autodetachment or localization on a dopant, if 
present in the droplet. In the present minireview a general overview about the field of electron 
scattering with doped helium droplets is given and a presentation of important recent results 
related to these electron collision studies is given as well. 
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1. The unique world of helium nanodroplets  
 
The first successful attempts by Becker et al. forming intense beams of helium nanodroplets 
were already in the mid of the last century [1]. Later experiments with helium droplets were 
motivated by the search for evidence of superfluidity. The formation of helium nanodroplets 
and their unique properties can be well explained by the phase diagram, which is shown for 
the bosonic 4He (nuclar spin I=0) in Fig. 1. Helium does not become solid at standard 
pressures like other liquids, when approaching the limit T → 0 at very low temperatures. It 
solidifies only at pressures of more than 2.5 MPa, i.e. below this pressure it always stays 
liquid or gaseous. The liquid state can be divided in two regions above and below the λ-line 
(Tλ = 2.173 K at atmospheric pressure): in the former region He behaves like an ordinary fluid 
(He I) while for the latter liquid helium changes into the superfluid state (He II). This 
superfluidity implies a very low viscosity, which allows a frictionless stream of helium 
through capillaries and thinnest channels and moreover, an infinitely high heat conductivity 
[3]. The occurrence of superfluidity was explained by Landau in terms of the dispersion curve 
of the possible elementary excitations in a liquid (phonons and rotons), which occur only 
above a well defined critical velocity, the so called Landau speed (for helium vL = 58 m/s) [3]. 
As a consequence, an object moves in a superfluid liquid without any drag, as long as the 
relative velocity is below the Landau speed. When going from the bulk liquid to nanodroplets 
(commonly and also in this review the term (nano)droplet is used for sizes N > a few 1000) 
and down to smaller clusters, the question arises, when superfluidity vanishes? While early 
experimental and theoretical investigations [4,5] suggested a threshold size of about 60 He 
atoms for the onset of superfluidity. Later, the proposed threshold cluster size was lowered to 
N = 9 [6]. In addition to the superfluid behavior, helium nanodroplets fascinate by their 
extremely low temperature of 0.37 K, which was determined for the first time in spectroscopy 
experiments in 1995 [7]. The binding energy of a helium atom to a droplet is size dependent 
and approaches the bulk value of 0.6 meV for droplets with N > 104 atoms [8]. As can be 
expected apriori from a liquid matrix, the zero point motion is high and thus quantum effects 
like strong delocalization of the helium atoms occur. 
For the other stable isotope of helium, the fermionic (I = ½) 3He, with a natural abundance of 
0.000137 %, also superfluid behavior can be observed, which occurs only at temperatures 
below 3 mK. Moreover, the lower mass leads to an increased zero point motion compared to 
4He, which alters the binding energy (0.2 meV) and the He density in droplets (in average 24 
% lower than for 4He) [8]. For 3He droplets a temperature of 0.15 K was determined [4], and 
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therefore they are not expected to be superfluid since the temperature of the droplets stays 
above the limit of 3 mK for the occurrence of superfluidity. In the present review the studies 
presented in more detail have been all carried out using 4He.  
 
 
2. Experimental methods to generate superfluid helium droplets 
 
Helium droplets of both isotopes can be formed experimentally in the well known and widely 
used technique of a free jet expansion [9], i.e. precooled helium gas with a low temperature T0 
is expanded under high pressure through a nozzle into high-vacuum. Due to limited vacuum 
systems of experiments and the high gas flux through nozzles cooled to T0 < 35 K typical 
nozzle sizes between 5 and 10 μm are used. Conical shaped nozzles, which often were used 
for free jet expansions due to favorable conditions for high cluster beam intensities [9] and 
large cluster mean sizes, are not available in these sizes. Instead commercially available 
apertures for electron microscopy are often used. These pinhole-type nozzles nevertheless 
allow the production of intense cluster beams for mass spectrometric experiments. Often 
experiments have been running with cw-droplet beam sources; in addition, several groups also 
developed pulsed droplet sources. The latter offer less demands to the pumping system and 
increased intensities within the pulses compared to cw-sources.  
Helium droplet formation occurs in an isentropic expansion [2,10]. Depending on the initial 
expansion conditions (see Figure 1), different mean cluster sizes can be achieved [2]. Thereby 
two characteristic regimes are distinguished. In the first regime, the subcritical regime, the 
expansion is started at temperatures close to 15 K or more. The almost linear isentropes cross 
the phase line from gas phase to the liquid phase. Thus droplets are formed by condensation 
from the gas phase and cool then further by evaporation of helium atoms to the final 
temperature of 0.37 K. The size distribution of droplets formed in the subcritical regime can 
be described by a log-normal function [11,12]. In the second regime, supercritical expansion, 
such low starting temperature is chosen that the expansion follows bent isentropes which 
approach the gas-liquid transition line from the liquid state. Then already liquid helium passes 
through the nozzle, which fragments into droplets. Those cool further by evaporation of 
helium atoms. Thus, in the supercritical expansion very large droplets are produced (larger 
than Nmean ~ 106 at T0 ~ 8 K and minimum expansion pressure of 20 bar). Expansions with 
even lower T0 (= 1.6 - 4.2 K) have been carried out, where droplets sizes up to 1012 were 
achieved [13]. The supercritical size distributions were determined to follow a linear-
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exponential distribution. Previously, also a third expansion regime was defined (critical 
expansion) [2], which is at the border between subcritical and supercritical expansions. It 
should be noted that most experiments have been carried out without neutral size selection; 
however remarkable diffraction experiments showed non-destructive size selection of neutrals 
[14]. 
The resulting mean cluster sizes (Nmean) as the function of initial expansion conditions were 
previously determined by means of deflection experiments unitizing atomic beams, as well as 
electrostatic deflection of negatively and positively charged droplets. Recent experiments 
dedicated to the determination of droplet sizes used also the attenuation of neutral droplet 
beams by electron impact [15]. The resulting size dependencies on the expansion parameters 
in the supercritical and subcritical regime have been shown in [13]. These data are often used 
as reference for experiments which do not directly yield Nmean. More recently, also mean sizes 
in the previously less characterized regime of very large helium droplets (Nmean ~107-1010) 
have been determined [16]. The well known cluster-size-law from Hagena Nmeanp0×d1.5/T02.4 
[9] often used for heavier rare gases is hardly used for helium droplets because for the latter 
the law is only valid in a small temperature range and not applicable for supercritical 
expansions at all. 
At the Institute of Ion Physics and Applied Physics in Innsbruck helium droplets are formed 
by supersonic expansion of pure 4He gas (99.9999 %) with high pressure and low temperature 
through a 5 µm commercial pinhole type nozzle. Currently 3 droplet sources are available 
which can achieve a wide variety in expansion temperatures and pressures (5 to 15 K and 1.5 
to 3 MPa) (see Figure 2 for an illustration of the most recent droplet experiment). The 
pressure in the droplet formation region is kept below 10-2 Pa with one or two turbomolecular 
pumps; each providing a pumping speed of 1750 l/s. 
After the nozzle a skimmer (typical diameter few 100 μm) is placed at the distance of about 
0.5 cm in order to avoid an interference of the droplets with shock-waves formed by the 
expansion. Collision of the expanding gas with these shock waves would cause reheating of 
the droplet beam. The other main task of the skimmer is to achieve differentially pumped 
regions since the pressure in the cluster source chamber is usually up to 0.01 Pa, while for the 
subsequent chambers often a background pressure in the range of 1×10-5 Pa should be 
maintained. This is especially important for experiments where a low pick-up rate is desired. 
In the pick-up stage the droplets can be doped with various gas phase atoms or molecules. 
Due to their large geometrical size (for example ~ 10 nm for a droplet with 104 atoms) helium 
droplets possess high pick-up cross sections (for this reason helium droplets are also called 
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“vacuum cleaners” [1]). By fast evaporative cooling the collision energy, internal energy of 
the embedded particle and the solvation energy are released and the foreign particle will be 
quickly cooled down to the temperature of the droplet. This efficient heat bath allows multiple 
pick-up events. The binding energy of a helium atom to the droplet is about 0.62 meV, i.e. as 
a rule of thumb ~1600 helium atoms are evaporated for 1 eV excess energy deposited in a 
helium droplet. In general, the pick-up probability Pk is following a Poisson distribution,  
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The parameter k is the number of atoms or molecule picked-up by the droplet and x is the 
average number of collisions. In case of multiple pick-up by a helium droplet agglomeration 
into weakly bond sub-clusters in the droplet may occur, which is provided by the high 
mobility of dopants in the superfluid droplet on the one hand and the finite size of the droplet 
on the other. 
When an atom or molecule is picked-up by a pure helium droplet, the question arises, where 
the dopant resides in the droplet, i.e. either we have a heliphobic or a heliophilic dopant. As 
rule of thumb dopants with an electronically closed-shell (most of atoms and molecules) move 
into the center of the droplets, while for example atomic hydrogen, alkali (Li, Na, …) and 
heavy alkaline earth atoms reside close to the surface of the droplet [18]. For heliophobic 
dopants the Pauli repulsion of the valence electron(s) and the He atoms exceeds the 
interatomic attractive force. Only for sufficiently large alkali clusters a submersion into the 
helium droplet was predicted where clusters of alkali atoms start to submerge in the helium 
droplets after growing to a critical size (e.g., n=21 for Nan and n=78 for K) [18]. Subsequent 
experiments have been in very good agreement with the calculations [19,20]. 
The relative stability of surface states and interior states can be also described by a 
dimensionless parameter λ (Ancilotto parameter) [21]. For λ larger than 1.9 interior states are 
formed while for λ < 1.9 surface states are favored:  
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Thereby ρ is the number density of the liquid, ε is the well depth of the interaction potential 
between dopant and liquid, rmin is the corresponding equilibrium bond length and σ is the 
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surface tension of the liquid. For example, for a Li impurity in liquid helium λ is equal to 
0.835 and for SF6 λ = 18.8 predicting a surface and an interior state, respectively. These 
predictions have been also in agreement with the experimental observations [7,22].  
It should be noted, that the structures of dopant agglomerates grown in helium droplets may 
also show an exotic configuration. For example, the cage structure of the water hexamer 
corresponds to the energetically lowest isomer in the gas phase while in helium droplets the 
higher energy isomer with cyclic structure is preferentially formed [23]. This was explained 
by freezing of the metastable cyclic structure due to rapid energy dissipation to the 
surrounding superfluid helium. In addition, also the growth of a chain of polar HCN 
molecules due to their long range dipole-dipole interaction was reported [24]. Thereby 
nanocsale oligomers were observed, with length of about 4 nm only limited by the finite size 
of the helium droplets used. Recently, also track-shaped Ag deposits were identified by 
electron microscopy after their growth in very large helium droplets. In this case Ag atoms 
were caught by vortices in the droplets formed in the supercritical expansion of liquid helium 
[25,26]. 
It should be also noted that recently also first experiments have been carried out where 
preformed ions have been embedded in neutral droplets. Cationic species embedded were the 
protein cytochrome C [27], hemin [28] as well as sodium [29]. In order to embed these ions in 
He droplets, large droplet sizes >105-106 have been necessary.  
 
 
 
3. Ionization mechanism in helium nanodroplets by electron ionization  
 
3.1 Pure droplets 
 
Electron ionization is a relatively simple method to form positively charged droplets upon 
ionization of neutral droplets. Standard ion sources (Nier type) allow electron beam currents 
up to mA, which is sufficient to obtain ion yields resulting from ionization of helium droplets 
in the pA regime. Charged droplets allow their detection by mass spectrometry. Detailed 
electron ionization studies have been reported by the Toennies group in the early 90´s [2,30], 
where the ionization mechanisms in pure as well as doped helium droplets have been 
investigated. They dedicated their cluster research also to the search for so called magic 
numbers [9], which are indicated by an exceptional intensity of a specific cluster size or a 
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large drop in intensity between two neighboring clusters sizes. One intensively discussed 
question regarding magic numbers was if the cluster size distribution in a mass spectrum with 
certain magic numbers represents the stability of neutral or of ionized clusters. In the first case 
the initial neutral cluster distribution has to be preserved also through the ionization 
experiment. In the second case the ionization process leads to clusters in highly vibrational 
excited states. These excited clusters relax by evaporation of atoms (fragmentation) and thus 
the cluster ion spectrum represents the stability of cluster ions. The magic number distribution 
of helium cluster ions is distinctly different to other rare gas systems due to the absence of 
magic numbers for larger cluster sizes (like 55, 147, etc., ascribed to icosadhedral shell 
closures [9]). Helium cluster ions show magic numbers only for small cluster sizes n≤14 
[30,31,32,33,34] (see Figure 3). In this case helium atoms are rigidly bound by ion-dipole 
forces to an ionized core of He+ or He2+. This leads to the formation of well-known snowball 
structures. This difference to other cluster systems can be explained by the phase of helium 
cluster ions. The latter are solid only for small cluster sizes while then the cluster becomes 
liquid-like.  
 
Helium has the largest ionization energy (24.59eV) of all atoms and molecules. An electron 
with kinetic energy above this value may ionize a helium atom of the droplet in the following 
inelastic scattering process, 
 
  eHeHee 2    (3) 
 
Subsequently a resonant charge hopping process occurs, where the electron hole “jumps” to 
neighboring helium atoms [35]. In the case of pure helium droplets this process can be 
characterized as a random walk. Finally formation of a positively charged helium dimer 
occurs, which terminates the charge hopping process. Ellis and Yang calculated that in a pure 
droplet approximately 11 charge hops are possible before He2+ formation occurs [35]. He2+ 
formation turned out to be the most probable cluster fragment ion (30-70% of the total ion 
yield) [34]. He2+ can also act as nucleation site for the growth of small Hen+ cluster ions. In 
the latter species a finite number of helium atoms are tightly bound to the ionic core leading to 
formation of snowballs. In addition, ion formation always releases a substantial amount of 
excess energy (2.35 eV), which leads to the (thermal) evaporation of helium atoms from an 
ionized droplet. However, a complete thermal evaporation of the surrounding helium is 
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unlikely for larger droplets; thus He2+ and Hen+ are likely ejected out of the droplet as 
proposed in [34].  
 
3.2 Doped droplets 
 
Direct electron ionization of a molecule deeply embedded in a cold helium droplet by a 
colliding electron is very unlikely. Instead, the removal of an electron from the dopant occurs 
in the droplet via charge transfer from He+. The initial ionization event can be described by 
reaction (3) like for a pure droplet. However, the resonant charge hopping process is modified 
because  a random walk only occurs for rather large doped droplets (n > 105), where a hole 
localization on the dopant becomes then unlikely. Instead, for smaller droplets the direction of 
the hole migration is pointed towards the dopant due to induced long range dipole interaction 
[35].  
In addition to charge transfer ionization, also Penning ionization of dopants may be a possible 
ionization mechanism in doped helium droplets. Above the electron energy of 19.82 eV an 
electronically excited helium atom can be formed by an inelastic collision of an electron with 
a helium atom of the droplet, 
 
  eHeHee *     (4) 
 
 
The corresponding lowest excitation state of helium is the 23S1 state which is metastable with 
a lifetime of 8000 s [30]. The second metastable state of helium is 21S0 with an energy of 
20.62 eV and a lifetime of 20 ms. These lifetimes mentioned refer to collision free conditions.  
When reaction (4) occurs in a droplet, the formed metastable He* exciton resides in a bubble 
and migrates in the droplet. In a pure droplet it may combine with another helium atom to 
form a vibrationally excited *2He  after 15 μs [30] and the droplet remains neutral. In presence 
of a dopant in the droplet Penning ionization may occur, 
 
(*)*  MHeMHe + e–   (5) 
 
which leads to dopant ion formation in the droplet, provided that the ionization energy of the 
dopant is below the excitation energy of helium (which is the case for all known molecules). 
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More details about Penning ionization, which has been investigated in molecular beam studies 
and theory, can be found in [36]. If the kinetic energy of an incoming electron is sufficient to 
produce two helium excitations in one droplet, even double ionization of a dopant may occur 
if the excitation energy is higher than the double ionization energy of the dopant [37]. In 
contrast, sequential double ionization of a dopant by two He+ ions can be excluded due to the 
Coulomb repulsion of the ionic species after the first dopant ionization. 
 
3.3 Recent studies on electron ionization of doped helium droplets 
 
Electron ionization is known to be a “hard ionization” reaction which leads to vibrationally 
hot ions. This results often in the non-observation of a molecular ion in electron ionization 
mass spectrometry and substantial fragmentation of ionized molecules. Due to the remarkable 
properties of helium droplets discussed above one major line of the mass spectrometric 
research with doped helium droplets has been devoted to the study of the fragmentation 
pattern of ionized molecules in helium droplets. It is well known that both the temperature 
and the environment are important parameters for the control of chemical reactions. Due to 
the low temperature environment and fast evaporative cooling one may expect substantial 
quenching of molecular fragmentation in helium droplets upon ionization. However, one 
needs to keep in mind that the high ionization energy of helium (24.59 eV) exceeds 
substantially the ionization energies of molecules (for organic molecules ionization energies 
are mainly between 8 and 12 eV). This obvious large difference in the ionization energies, 
which corresponds to the excess energy deposited in the formed ion, may lead nevertheless to 
severe fragmentation of the dopant ion formed. The question is then, to which extend 
fragmentation can be buffered by the dissipative He environment. One of the earlier 
investigations has been devoted to SF6+ which is not stable on mass spectrometric timescales 
under isolated conditions. A first tentative report [38] of stabilization of SF6+ in helium 
droplets was not confirmed later [39]. More recently, the group of R.E. Miller [40] showed 
that sufficiently large helium droplets provide rapid cooling to reduce fragmentation of 
vibrationally hot molecular ions. They studied electron ionization of helium droplets doped 
with triphenylmethanol (which is an important molecule in synthetic chemistry) in helium 
droplets. Compared to electron ionization of the bare molecule, they observed a strong 
enhancement of the molecular ion intensity in helium droplets. They also recorded the ion 
yields as a function of the helium droplet size where a steady increase of molecular ion signal 
was observed with increasing droplet size (the size regime investigated covered up to 104 
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helium atoms). Based on these size dependency studies it was also possible to assign fragment 
ions of triphenylmethanol to first or second generation fragments (the latter are formed in 
sequential decays). Therefore electron ionization studies of molecules embedded in helium 
droplets may also give valuable insight into to the dissociation dynamics of gas phase 
molecular ions. We also recently studied electron ionization of perfluoroether molecules 
embedded in helium droplets and bare in the gas phase [41]. Perfluoroethers like 
perfluorotriglyme have a molecular mass around 400-600 u and represent model compounds 
of perfluoropolyethers known as excellent lubricants. While the mass spectra of the isolated 
molecules show predominantly light fragment ions, the helium droplet mass spectra exhibit 
predominantly heavy fragment ions as well as increased ion yields of the corresponding 
molecular ions as shown in Figure 4. The conclusion from this result is that ionic 
fragmentation-intermediates are frozen and subsequently stabilized in the He environment. 
Helium droplets can therefore effectively transform short lived decomposition intermediates 
into stable fragment ions which then appear as strong signals in the mass spectrum. 
In addition, the fragmentation process of an ionized molecule in a matrix may be also 
influenced by cage effects where the matrix favors the escape of small, energetic fragments 
over heavier ones with low kinetic energy. Such an effect has been also reported for helium 
droplets by Yang et al. [42,43]. Based on electron ionization mass spectra of alcohols and 
ethers embedded in helium droplets they suggested a cage effect by the helium droplet, which 
favors the escape of the dehydrogenated parent cations over other fragmentation channels 
[43].  
Since helium droplets are an ideal matrix to form pure clusters of dopant atoms or molecules 
and even exotic species, i.e., mixed clusters of various atoms or molecules embedded, a 
number of electron ionization studies with various molecular clusters formed in helium 
droplets have been carried out in recent years. For mixed clusters the fragmentation pattern 
may not be only altered the surrounding helium (though fragmentation may occur like for the 
corresponding monomers [44,45,46]) but also by the presence of the second dopant (cluster) 
as well. For example, recently core-shell effects have been reported for ionization of water 
clusters surrounded by an atomic or molecular shell [47,48]. In case of N2, O2, CO2 or C6D6 
shells the fragmentation of the water cluster (leading to the protonated water cluster which is 
the dominant product of ionization of pure water cluster and water cluster in helium droplets 
[49]) was reduced in favor of unprotonated water cluster ions. It was also suggested by Ren 
and Kresin [50] that the electric dipole moment of a molecule to be protected by a shell of 
water molecules plays an important role. They studied electron ionization of mixed clusters 
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containing fragile molecules like glycine, alkanes or alkanethiols and water formed in helium 
droplets. Ren and Kresin observed quenching of fragmentation only for first two systems, 
while fragmentation of alkanethiols remained unaffected. Alkanethiols have a much higher 
dipole moment than glycine, or alkanes and therefore they concluded that the reduction of 
fragmentation is also controlled by the strength of the dipole moment of the impurity [50] 
which generally steers the charge hopping process in the droplet [51]. 
Our group also investigated electron ionization of helium droplets containing mixed clusters 
of the fullerene C60 and water (see Figure 5) [52]. Ionization leads predominantly to small 
C60+(H2O)n cluster ions with n<6. However, quantum chemical calculations on the structure of 
the mixed clusters revealed no water shell formation around the C60 but instead a loosely 
bound water cluster to the fullerene. Since the ionization energy of C60 is substantially lower 
than that of water (7.6 eV vs. 12.6 eV), the charge transferred from He+ will localize mainly 
on the C60 moiety. This leads then to the suppression of the autoprotonation reaction in the 
attached water cluster leading to C60H+(H2O)n.  
The dehydrogenated cluster ions (particularly abundant is C60OH+) seem to be a counter-
example to the notion that fragmentation of clusters embedded in helium is suppressed. 
However, since the double ionization energy of C60 (19 eV) is below the single ionization of 
helium the formation of C60OH+ may proceed via following reaction scheme: 
 
He+ + C60(H2O)x → He + [C602+(H2O)x]* + e-   (6a) 
[C602+(H2O)x]* → [C60+(H2O)x+]*     (6b) 
[C60+(H2O)x+]* → C60+OH(H2O)x-2H3O+    (6c) 
C60+OH(H2O)x-2H3O+ → C60+OH + (H2O)x-2H3O+    (6d) 
 
In this reaction scheme initial charge transfer from He+ produces C602+ (6a). Subsequent 
charge transfer to the water moiety induces fragmentation of the water cluster ion (6c) before 
charge separation occurs (6d). Thus fragmentation products can be observed which are not 
formed in the absence of helium.  
 
The formation of snowballs (characterized by an ionic core with compressed shell of neutrals) 
was not only investigated for pure helium cluster ions but also for mixed cluster ions with a 
dopant atom [53], molecule or cluster as ionic core. For example, in Ref. [54] a list of (alkali 
earth) metal cations with the corresponding numbers of He shell closures can be found. He 
solvation was also found for molecular ions [55,56,57], starting from small systems up to 
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fullerenes [58]. In a recent paper on helium solvation of various diatomic molecules and their 
clusters in helium droplets a much stronger solvation of intact cluster ions compared to the 
respective monomer ion was reported [55]. This result was ascribed to higher cooling 
capabilities of the cluster species.  
 
4. Negative ion formation in helium droplets 
 
4.1 Pure droplets 
 
The attachment of a low energy electron (with a few eV kinetic energy) to a helium droplet, 
independent if doped or undoped, has a particular characteristic due to electron bubble 
formation. The reaction differs substantially from electron capture by clusters with a positive 
electron affinity. Moreover, presence in helium droplets affects the measured resonance 
energies of dopant anions, which do not necessarily correspond to the electron energy in 
vacuum. The electron - ground state helium interaction is dominated by the short-range 
repulsive exchange forces because of the small atomic polarizability of helium [1]. Such 
repulsive interaction can be also found for other liquid-like droplets like hydrogen and neon 
droplets. In general, considering the electronic band structure of a droplet (or the bulk), the 
electron energy at the bottom of the conduction band, V0, serves as an indicator of the balance 
between the repulsive and attractive interactions between an electron and a medium like a 
droplet. For bulk liquids V0 decreases in the order He → Ne → Ar → Kr → Xe (1.06 eV → 
0.67 eV → –0.17 eV → –0.37 eV → –0.65 eV) while the electron mobility increases in the 
same order, i.e. these parameters turned out to be correlated [59]. Thereby a negative value 
means that the vacuum level, i.e. the energy of a free electron at rest far away from the 
medium, is in the conduction band. In other words, the electron affinity of the medium is 
positive. In contrast, liquid helium and neon possess a V0 > 0, i.e. the surface of these liquids 
represents an energetic barrier for the incoming electron. In this case the bottom of the 
conduction band, which represents the lowest delocalized state for an excess electron in the 
condensed media is above the vacuum level. Previously the value of V0 was determined for 
helium droplets by measuring the yield of electronically excited clusters as a function of the 
electron energy. Martini et al. [60] derived a value of 1.03 ± 0.2 eV for He droplets. A more 
recent value is V0 = 1.15 ± 0.025 eV, which was valid for cluster sizes from 2×103 up to 
50×103 [61]. The result of a larger value than for the bulk (V0,bulk = 1.06 eV) is rather 
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surprising since the atom density becomes smaller, when going from the bulk to smaller 
clusters and thus can be expected that V0 will slightly decrease with decreasing cluster size 
[1].  
Once injected into liquid helium a low energy electron thermalizes in a few picoseconds by 
creating a charged bubble, where the electron resides in a cavity. For He the bubble radius 
was estimated to be 17 Å (bulk value) which slightly decreases for droplets with finite size 
[62]. However, this electronic bubble state is a metastable state, where the lifetime is finite 
due to possible electron detachment (where the electron escapes back into vacuum via 
tunnelling). Moreover, a minimum droplet size was predicted for the formation of a bubble 
state (N  4500 ± 700) taking into account the energetic stability (the size dependent total 
electron bubble energy at equilibrium configuration must be lower than V0) and dynamic 
stability (tunnelling effects) [63]. The metastability implies also basic consequences for the 
mass spectrometric observation of negatively charged helium droplets. It turned out that large 
droplet sizes are required (N > 7.5104) in order to form negatively charged (pure) helium 
droplets observable on mass spectrometric timescales [64,65]. The electron energy 
dependence of HeN– (N > 9.3104) was determined by Henne and Toennies [61]. For the 
smallest droplet size measured the anion efficiency curve showed a sharp rise above a 
threshold of 1.3 eV with a peak maximum at Emax = 1.8 eV. This maximum gradually shifted 
with increasing droplet size up to 2.3 eV for the largest droplet size studied (n = 1.5107). 
Moreover, the anion efficiency curves also showed self scavenging processes with peaks at 
about eVnE 20max   (n = 1-4), where the incoming electron scatters inelastically from one 
or more helium atoms. So the incident electron is slowed down to ~ 2 eV which seems to be 
the optimum energy for being self-trapped via bubble formation [61]. 
 
 
4.2 Doped droplets 
 
For doped helium droplets the electron bubble may localize on the dopant, which may lead to 
thermodynamically stable anions [66]. Moreover, the droplet size criterion for observation of 
negative ions is overruled and smaller droplet sizes lead to a higher probability of localization 
on the dopant in competition to electron detachment from the droplet. Like in case of positive 
ion formation it is of course then the question to which extend molecular (or cluster) 
fragmentation of the so called temporary negative ion state (TNI) formed can be quenched by 
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the helium environment. In the following, prime examples of electron attachment to helium 
droplets doped with polyatomic molecules are presented. 
 
 
4.2.1 Electron attachment to helium droplets doped with chloroform 
 
Chloroform (CHCl3), belongs to the class of halogenated hydrocarbons which are of relevance 
in atmospheric chemistry [67]. Especially the electron induced chemistry is of great interest as 
halogenated hydrocarbons possess high attachment cross sections for low energy electrons 
[68]. Halogenated compounds always dissociate upon electron attachment (most efficiently 
below 1 eV) with the captured electron localizing at the halogen atom. This is attributed to the 
high electron affinity of the halogen radicals (EA(X) = 3.40, 3.61 and 3.36 eV for X = F, Cl, 
and Br, respectively). For many halogenated molecules the dissociative electron attachment 
(DEA) process becomes then energetically exothermic, i.e. the dissociation limit of the 
halogen anion and the neutral fragment is below the ground state of the neutral molecule. In 
previous DEA studies to gas phase chloroform 10 fragment anions have been observed in 
total [69]. The high electron capture efficiency makes the molecule to an ideal candidate for 
studying the formation of anions in helium droplets [69]. Figure 6 shows the negative ion 
mass spectrum of chloroform cluster anions close to 1.5 eV. This electron energy was chosen 
for the mass spectrum because the strongest signal of anion formation was observed at this 
energy (in contrast to the gas phase, where ~0 eV peaks are the strongest ones). Another 
important result was that non-dissociated cluster anions of chloroform can be observed while 
for the isolated molecules the parent anion is not stabilized due to autodetachment or 
dissociation occurring on shorter timescales. However, more intense are the ion yields of 
anions formed via fragmentation of chloroform clusters upon DEA. These results show that 
both, the molecular cluster as well as the helium droplet, do not substantially quench 
dissociation. In this case the chlorinated cluster anions are the most abundant fragment anions 
observed upon DEA to chloroform embedded in helium droplets. Figure 7 shows the ion yield 
of the chlorinated cluster anions as a function of the initial electron energy. In addition to the 
major peak close to 1.5 eV, additional (weaker) resonances can be found close to 10 eV and 
22 eV. The disappearance of the zero eV resonance and the occurrence of peaks between 1 
and 2 eV can be explained by the initial interaction of the incoming electron with the helium 
droplet. Like in the case of a pure helium droplet, the electron requires a minimum amount of 
energy to penetrate into the droplet before entering the bottom of the conduction band and 
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localization in a bubble. Now in the case of a doped droplet, the electron may finally localize 
on the dopant before the metastable electron bubble decays spontaneously. Therefore the 
position of the energetically lowest resonance observed for all anions of chloroform in helium 
droplets is very close to the position of the first resonance in the ion yields of pure helium 
droplet anions which showed their first resonance at about 1.8 eV (see the previous section). 
The resonance at ~10 eV can be ascribed to (cluster) fragmentation after electronic excitation 
of chloroform while the resonance at ~ 22 eV is a clear reminiscence of the presence in the 
helium droplet. In this case the incoming electron looses additionally substantial amount of 
kinetic energy by electronic excitation of helium before attachment to the chloroform cluster 
takes place.  
Compared to gas phase studies one can conclude that the presence of the helium droplet has a 
strong effect on the resulting cross section of chloroform anion formation: Gas phase Cl– is 
formed via s-wave electron attachment close to ~0 eV with a very high cross section due to 
the reciprocal energy dependence of this reaction [69]. However, this strong ion signal 
observed close to zero eV for the gas phase is quenched when the electron attachment reaction 
occurs within the helium droplet. Instead, at the electron energy of 2 eV, which is required for 
the electron to penetrate into the He droplet, the electron capture cross section is already 
orders of magnitude lower compared to zero eV. On the other hand a shift of 2 eV for 
resonances at higher electron energies would yield a much smaller effect on the capture cross 
section. Such effect would account for all systems where the localization of the dopant 
(cluster) occurs deeply inside the droplet (see section 3).  
 
 
4.2.2 Electron attachment to helium droplets doped with aromatic molecules like 
thymine or trinitrotoluene: 
 
The results for chloroform embedded in helium droplets indicated that also for negative ions a 
change of fragmentation pattern may occur. For another class of molecules, biomolecules, this 
effect may be very important since many electron attachment studies with biomolecules have 
been carried out under isolated conditions [70,71]. The research with biomolecules has been 
also motivated by the discovery that low energy electrons may cause DNA single and double 
strand breaks by resonant electron attachment [72]. Moreover, low energy secondary electrons 
are formed abundantly upon the interaction of energetic radiation (α, β, γ, ions, etc) with 
biological matter. Analogously to chloroform, electron capture by an isolated nucleobase 
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always leads to dissociation of the TNI or alternatively electron emission. The question is 
then, if this will also occur if the nucleobase is embedded in a matrix, because then the excess 
energy released upon TNI formation may be transferred to the surrounding matrix by 
vibrational redistribution. As very first approach experiments with nucleobases embedded in 
an inert matrix like helium droplets may allow some predictions [73,74]. Indeed, a remarkable 
change of the anion abundances was observed in electron attachment experiments with 
nucleobases embedded in helium droplets. In contrast to the gas phase, a parent anion can be 
observed on mass spectrometric timescales (i.e., longer than few μs). This effect results from 
the quick transfer of the excess energy (basically the kinetic energy of the incoming and the 
electron affinity of the anion formed) into the surrounding helium matrix. In addition, we 
studied the anionic fragmentation pattern of single thymine molecules embedded in helium 
droplets as a function of the electron energy [73]. The pattern changes in favor of the 
dehydrogenated parent anion and while for the isolated molecule (M-H)– is formed in 
considerable amounts just below 4 eV, the abundance in the droplets is strongly increased 
above this energy [73]. This becomes possible by suppression of ring cleavage reactions. The 
latter also leads to NCO– formation, which is the dominant anion at electron energies >4 eV 
for the isolated molecule. The effect observed for nucleobases stems from the different 
dissociation mechanism for H-loss and NCO– formation: while the former undergoes direct 
dissociation along a purely repulsive potential energy surface, the latter is accompanied by 
cleavage of multiple bonds and possibly considerable rearrangement of the molecule. Thus 
NCO– formation is a time-consuming process and can be effectively quenched by the helium 
environment. However, the hydrogen loss reaction cannot be quenched and the 
dehydrogenated parent anion is therefore an intermediate fragmentation product becoming 
frozen in helium droplets by energy relaxation (see Fig. 8).  
The effect of freezing dissociation channels is even more extreme in the case of electron 
attachment to monomers of trinitrotoluene (TNT) embedded in helium droplets [75]. TNT is 
an explosive compound and shows the characteristic behavior of explosive compounds upon 
electron attachment. In this case an extremely rich fragmentation pattern already close to 
about ~0eV electron energy can be observed. Such low threshold even for formation of 
fragment anions via ring cleavage indicates substantial rearrangement processes to 
compensate the energy required for multiple bond cleavages. In the case of TNT embedded in 
the helium droplets the resulting mass spectra only show the undissociated molecular anion 
and cluster anions [75]. No fragmentation can be observed within the detection limit of the 
apparatus. The quenching of these dissociation channels by the helium environment gives also 
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for this molecule insight in the dissociation mechanism. For TNT vibrational predissociation 
governs the dissociation where sufficient redistribution of vibrational energy into particular 
reaction coordinate is required to access energetically possible dissociation channels. This 
results in a slow dissociation process compared to direct electronic dissociation, sometimes 
extending to the metastable (ms) timescale associated with the appearance of products 
resulting from multiple bond cleavages and rearrangement. Such metastable decay reactions 
due to vibrational predissociation were also observed recently for other molecular anions, 
oﬀering a reasonably large number of vibrational degrees of freedom, but TNT is a 
remarkable example where vibrational predissociation governs to most extent the dissociation 
mechanism. 
 
 
 
5 Summary and future perspectives 
 
In a previous article helium droplets have been called “flying nano-cryo-reactors” [77]; a term 
which probably describes the potential of helium droplets in forming new targets for electron 
collisions in the most appropriate way. Electron ionization combined with mass spectrometry 
offers thereby excellent opportunities to characterize the systems formed in the nanodroplets. 
The pick-up method allows to generate a large variety of species in the droplets which offer a 
broad horizon for future studies. Ionization and fragmentation of a dopant in helium droplets 
can be seen as interplay between the substantial deposition of excess energy in the charge 
transfer process from He+ process of dopants in helium droplets and the fast cooling by 
helium evaporation. Therefore it was concluded that helium droplets cannot provide a soft 
ionization method to be used for wide application in analytical chemistry, which is an effect 
of the large difference of the ionization of dopant and helium [43,78]. 
Concerning electron attachment it should be noted that observed cross sections (or ion yields) 
seem to be orders of magnitude lower than for isolated molecules. What is shown by the 
presently discussed electron attachment studies for chloroform, nucleobases and for 
trinitrotoluene (TNT): extensive and slow fragmentation processes seem to be quenched 
effectively in the droplet, while direct dissociations via repulsive potential energy surface 
upon DEA cannot be avoided. It should be noted that the obvious low cross section for 
electron attachment means a high challenge for experimental investigations compared to 
electron ionization. In addition, in currently running experiments standard ion source are used, 
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which lack on high energy resolution. Future high resolution studies would allow precise 
determination of resonance energies may lead to further understanding of electron attachment 
processes in doped helium droplets.  
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Fig. 1: Solid lines: Phase diagram of 4He. The dashed lines indicate the isentropes for a free 
jet expansion starting from a stagnation pressure of 2 MPa for different stagnation 
temperatures T0. Adapted from [2]. 
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Fig. 2: Scheme of the most recent experimental He-droplet setup in our institute. The 
apparatus includes 4 different stages, (i) helium droplet source, (ii) pick-up stages, (iii) ion 
source and (iv) time-of-flight mass spectrometer. Adapted from [17]. 
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Fig. 3: Mass spectrum of small helium cluster ions formed upon electron ionization of pure 
helium droplets [33]. The spectrum was taken at the electron energy of 70 eV. The magic 
numbers 7,10 and 14 are indicated by a star. 
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Figure 4: Electron ionization mass spectrum of perfluorotriglyme (PT, mass 502 u), when 
isolated (top) and when the molecule is embedded in ultracold helium droplets (bottom). 
Adapted from [41]. 
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Figure 5: High resolution mass spectrum recorded in presence of C60 and D2O in helium 
droplets. The triangles mark the peaks at mass 738 u and 739 u which can be assigned to 
C60OD+ ions. Adapted from [49]. 
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Figure 6: Negative ion mass spectrum of chloroform embedded in helium droplets [67] 
recorded at the electron energy of 1.5 eV. The spectrum is dominated by parent cluster anion 
and chlorinated parent cluster anions (see text). 
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Figure 7: Ion yield of chlorinated chloroform cluster anions (n=1-3) as a function of the initial 
electron energy. The anions have been formed upon electron attachment to chloroform 
embedded in helium droplets [67]. 
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Figure 8: Ion yield of the dehydrogenated parent anion (T-H)– formed upon electron 
attachment to single thymine in helium droplets (full line) and in the gas phase (full line with 
open circles). The comparison with the sum of all other gas phase fragment anion shows that 
at electron energies > ~ 4eV (T-H)– is a dissociation intermediate frozen in helium. [73] 
 
0 2 4 6 8 10 12
0
20
40
60
 (T-H)- (helium droplets)
 (T-H)- (gas phase)
 Other anions (gas phase)
 Io
n 
Y
ie
ld
 (a
rb
. u
ni
ts
)
 Electron Energy (eV)
 
 
Article type: Minireview  
 
28 
 
References: 
 
1. O. Echt, T.D. Märk, P. Scheier in Handbook of Nanophysics, edited K. Sattler, vol 7 (Clusters and 
Fullerenes). (CRC, New York, 2010) 
2. H. Buchenau, E.L. Knuth, J. Northby, J.P. Toennies, C. Winkler, J. Chem. Phys. 92, 6875 (1990) 
3. A.F. Borghesani in Electronic excitations in liquefied rare gases, edited by W.F. Schmidt and E. 
Illenberger (American Scientific Publishers, CA, USA, 2005) 
4. S. Grebenev, J.P. Toennies, A.F. Vilesov, Science 279, 2086 (1998) 
5. P. Sindzingre, M.L. Klein, D. M. Ceperley, Phys. Rev. Lett. 63, 1601 (1989) 
6. A.R. W. McKellar, Y. Xu, W. Jäger, Phys. Rev. Lett. 97, (2006) 183401 
7. M. Hartmann, R.E. Miller, J.P. Toennies, A. Vilesov, Phys. Rev. Lett. 75, 1566 (1995) 
8. S. Stringari, J. Treiner. J. Chem. Phys. 87, 5021 (1987) 
9. H. Haberland in Clusters of atoms and molecules I, edited by H. Haberland (Springer-Verlag, 
Berlin, Germany, 1994) 
10. F. Stienkemeier, K.K. Lehmann, J. Phys. B 39, R127 (2006) 
11. M. Lewerenz, B. Schilling, J.P. Toennies, Chem. Phys. Lett. 206, 381 (1993) 
12. M. Lewerenz, B. Schilling, J.P. Toennies, J. Chem. Phys 102, 8191 (1995) 
13. J.P. Toennies, A.F. Vilesov, Angew. Chem. Int. Ed. 43, 2622 (2004) 
14. W. Schöllkopf, J.P. Toennies, Science 266, 1345 (1994) 
15. O. Kornilov, J.P. Toennies, Int. J. Mass Spect. 280, 209 (2009) 
16. L.F. Gomez, E. Loginov, R. Sliter, and A.F. Vilesov, J. Chem. Phys. 135, 154201 (2011) 
17. H. Schöbel, C. Leidlmair, P. Bartl, S. Denifl, T.D. Märk, O. Echt, P. Scheier, J. Phys. Conf. Series 
388, 012044 (2012) 
18. C. S. Stark, V. V. Kresin, Phys. Rev. B 81, 085401 (2010) 
19. L. An der Lan, P. Bartl, C. Leidlmair, H. Schöbel, R. Jochum, S. Denifl, T.D. Märk, A.M. Ellis, P. 
Scheier, J. Chem. Phys. 135, 044309 (2011) 
20. L. An der Lan, P. Bartl, C. Leidlmair, H. Schöbel, S. Denifl, T.D. Märk, A.M. Ellis, P. Scheier, 
Phys. Rev. B 85, 115414 (2012) 
21. F. Ancilotto, P.B. Lerner, M.W. Cole, J. Low Temp. Phys. 101, 1123 (1995) 
22. A.A. Scheidemann, V.V. Kresin, H. Hess, J. Chem. Phys. 107, 2839 (1997) 
23. K. Nauta, R.E. Miller, Science 287, 293 (2000) 
24. K. Nauta, R.E. Miller, Science 283, 1895 (1999) 
25. F. Ancilotto, M. Barranco, M. Pi, Phys. Rev. Lett. 91 105302 (2003) 
26. L.F. Gomez, E. Loginov, A.F. Vileosv, Phys. Rev. Lett. 108, 155302 (2012) 
27. F. Bierau, P. Kupser, G. Meijer, G. von Helden, Phys. Rev. Lett. 105, 133402 (2010) 
28. F. Filsinger, D-S. Ahn, G. Meijer, G. von Helden, Phys. Chem. Chem. Phys 14, 13370 (2012) 
29. M.T. Falconer, W.K. Lewis, R.J. Bemish, R.E. Miller, G.L. Glish, Rev. Sci. Inst 81, 054101 
(2010) 
30. H. Buchenau, J.P. Toennies, J.A. Northby, J. Chem. Phys. 95, 8134 (1991) 
31. S. Feil, K. Gluch, S. Denifl, F. Zappa, O. Echt, P. Scheier, T.D. Märk, Int. J. Mass. Spectrom. 252, 
166 (2006) 
32. P.W. Stephens, J.G. King, Phys. Rev. Lett. 51, 1538 (1983) 
33. S. Denifl, M. Stano, A. Stamatovic, P. Scheier, T.D. Märk, J. Chem. Phys. 124, 054320 (2006) 
34. B.E. Callicoatt, K. Foerde, L.F. Jung, T. Ruchti, K.C. Janda, J. Chem. Phys. 109, 10195 (1998) 
35. A.M. Ellis, S. Yang, Phys. Rev. A 76, 032714 (2007) 
36. P. E. Siska, Rev. Mod. Phys. 65, 337 (1993) 
37. H. Schöbel, P. Bartl, C. Leidlmair, M. Daxner, S. Zöttl, S. Denifl, T. D. Märk, P. Scheier, D. 
Spangberg, A. Mauracher, D. K. Bohme, Phys. Rev. Lett. 105, 243402 (2010) 
38. A. Scheidemann, B. Schilling, J.P. Toennies, J. Phys. Chem. 97, 2128 (1993) 
39. R. Fröchtenicht, U. Henne, J.P. Toennies, A. Ding, M. Fieber-Erdmann, T. Drewello J. Chem. 
Phys. 104, 2548 (1996) 
40. W.K. Lewis, B.E. Applegate, J. Sztaray, B. Sztaray, T. Baer, R.J. Bemish, R.E. Miller, J. Am. 
Chem. Soc. 126, 11283 (2004) 
Article type: Minireview  
 
29 
 
41. P. Bartl, K. Tanzer, C. Mitterdorfer, S. Karolczak, E. Illenberger, S. Denifl, P. Scheier, Rapid 
Commun. Mass Spectrom. 27, 298–304 (2013) 
42. S.F. Yang, S.M. Brereton, M.D. Wheeler, A.M. Ellis, J. Phys Chem A 110, 1791 (2006) 
43. S. Yang, S.M. Brereton, M.D. Wheeler, A.M. Ellis, Phys. Chem. Chem. Phys. 7, 4082 (2005). 
44. F. Zappa, S. Denifl, I. Mähr, J. Lecointre, F. Rondino, O. Echt, T.D. Märk, P. Scheier, Eur. Phys. 
J. D 43, 117 (2007) 
45. S. Denifl, I. Mähr, F. Ferreira da Silva, F. Zappa, T. D. Märk, P. Scheier, Eur. Phys. J. D 51, 73 
(2009) 
46. F. Ferreira da Silva, P. Bartl, S. Denifl, T. D. Märk, A. M. Ellis, P. Scheier, ChemPhysChem 11, 
90 (2010) 
47. J. Liu, B. Shepperson, A.M. Ellis, S. Yang, Phys. Chem. Chem. Phys. 13, 13920 (2011) 
48. B. Shepperson, J. Liu, A.M. Ellis, S. Yang, J. Chem. Phys. 137, 201102 (2012) 
49. S. Denifl, F. Zappa, I. Mähr, A. Mauracher, M. Probst, J. Urban, P. Mach, A. Bacher, D. K. 
Bohme, O. Echt, T. D. Märk, P. Scheier, J. Chem. Phys. 132, 234307 (2010) 
50. Y. Ren and V.V. Kresin, J. Chem. Phys. 128, 074303 (2008) 
51. W.K. Lewis, C.M. Lindsay, R.E. Miller, J. Chem. Phys. 129, 201101 (2008) 
52. S. Denifl, F. Zappa, I. Mähr, F. Ferreira da Silva, A. Aleem, A. Mauracher, M. Probst, J. Urban, P. 
Mach, A. Bacher, O. Echt, T.D. Märk, P. Scheier, Angew. Chem. Int. Ed. 48, 8940 (2009) 
53. P. Slavicek, M. Lewerenz, Phys. Chem. Chem. Phys. 12, 1152 (2010) 
54. J. Tiggesbaeumker, F. Stienkemeier, Phys. Chem. Chem. Phys. 9, 4748 (2007) 
55. B. Shepperson, J. Liu, A.M. Ellis, S.F. Yang, J. Phys. Chem. A 115, 7010 (2011) and references 
cited therein 
56. S. Yang, S.M. Brereton, S. Nandhra, A.M. Ellis, B. Shang, L.-F. Yuan, J. Yang, J. Chem. Phys. 
127, 134303 (2007) 
57. F. Ferreira da Silva, P. Waldburger, S. Jaksch, A. Mauracher, S. Denifl, O. Echt, T.D. Märk, P. 
Scheier, Chem.-Eur. J. 15, 7101 (2009) 
58. C. Leidlmair, Y. Wang, P. Bartl, H. Schöbel, S. Denifl, M. Probst, M. Alcami, F. Martin, H. 
Zettergren, K. Hansen, O. Echt, P. Scheier, Phys. Rev. Lett. 108, 076101 (2012) 
59. I.T. Steinberger in Electronic excitations in liquefied rare gases, edited by W. F. Schmidt and E. 
Illenberger (American Scientific Publishers, Valencia, CA, USA 2006) 
60. K. Martini, J.P Toennies and C. Winkler, Chem. Phys. Lett. 178, 429 (1991) 
61. U. Henne, J.P. Toennies, J Chem. Phys. 108, 9327 (1998) 
62. M. Rosenblit, J. Jortner, Phys. Rev. Lett. 75, 4079 (1995) 
63. M Rosenblit, J. Jortner, J. Chem. Phys. 124, 194506 (2006) 
64. T. Jiang, C. Kim, J. A. Northby, Phys. Rev. Lett. 71 700 (1993) 
65. J. Gspann, Physica B 169, 519 (1991) 
66. M. Farnik, J.P. Toennies, J. Chem. Phys. 118, 4176 (2003) 
67. S. Denifl, F. Zappa, I. Mähr, A. Mauracher, M. Probst, T.D. Märk, P. Scheier, J. Am. Chem. Soc. 
130, 5065 (2008) and references cited therein 
68. K. Aflatooni, P.D. Burrow, J. Chem. Phys. 113, 1455 (2000) 
69. S. Denifl, A. Mauracher, P. Sulzer, A. Bacher, T.D. Märk, P. Scheier, Int. J. Mass. Spectrom. 265, 
139 (2007) 
70. E. Alizadeh, L. Sanche, Chem. Rev. 112, 5578 (2012) 
71. I. Baccarelli, I. Bald, F.A. Gianturco, E. Illenberger, J. Kopyra, Phys. Rep. 508, 1 (2011) 
72. B. Boudaïffa, P. Cloutier, D. Hunting, M.A. Huels, L. Sanche, Science 287, 1658 (2000) 
73. S. Denifl, F. Zappa, A. Mauracher, F. Ferreira da Silva, A. Bacher, O. Echt, T.D. Märk, D.K. 
Böhme, P. Scheier, ChemPhysChem 9, 1387 (2008) 
74. S. Denifl, F. Zappa, I. Mähr, J. Lecointre, M. Probst, T.D. Märk, P. Scheier, Phys. Rev. Lett. 97, 
043201 (2006) 
75. A. Mauracher, H. Schöbel, F. Ferreira da Silva, A. Edtbauer, C. Mitterdorfer, S. Denifl, T.D. 
Märk, E. Illenberger, P. Scheier, Phys. Chem. Chem. Phys. 11, 8240 (2009) 
76. P. Sulzer, F. Rondino, S. Ptasinska, E. Illenberger, T.D. Märk, P. Scheier, Int. J. Mass. Spectrom. 
272, 149 (2008) 
77. M. Farnik, J. P. Toennies, J. Chem. Phys. 122, 014307 (2005) 
78. A. Boatwright, J. Jeffs, A.J. Stace, J. Phys. Chem. A 111, 7481 (2007) 
